Abstract: Three-port isolated (TPI) bidirectional DC/DC converters have three energy ports and offer advantages of large voltage gain, galvanic isolation ability and high power density. For this reason this kind of converters are suitable to connect different energy sources and loads in electric and hybrid vehicles. The purpose of this paper is to propose chaotic modulation and the related control scheme for TPI bidirectional DC/DC converters, in such a way that the switching harmonic peaks can be suppressed in spectrum and the conducted electromagnetic interference (EMI) is reduced. Two chaotic modulation strategies, namely the continuously chaotic modulation and the discretely chaotic modulation are presented. These two chaotic modulation strategies are applied for TPI bidirectional DC/DC converters with shifted-phase angle based control and phase-shifted PWM control. Both simulation and experiments are given to verify the validity of the proposed chaotic modulation-based control schemes.
Introduction
With the increasing problems of emissions from oil/gas powered vehicles and the decreasing availability of fossil fuels around the world, electric vehicles (EVs) and hybrid electric vehicles (HEVs) are gaining widesprad attention nowadays [1, 2] . EVs and HEVs not only save fossil fuel, but also achieve low gas emissions for environmental protection [3] . Emerging renewable energy techniques have been introduced in EVs [4] . In EVs and HEVs, the bidirectional DC/DC converter is a prominent option to exchange power between the low-voltage energy storage device and the high-voltage DC bus of the traction motor [5] . In Figure 1a , a bidirectional DC/DC converter is used to exchange power between the battery and the high-voltage DC bus in series of a HEV, in such a way that the DC link voltage is kept stable despite of voltage changes in the battery and load variation in the traction motor [6] . Figure 1b plots the configuration of a dual-active-bridge (DAB) isolated DC/DC converter, which is used to connect the battery and the DC bus of the traction motor [5] . Besides, the bidirectional DC/DC converter can be used to exchange power between the battery and the grid to satisfy the requirements of vehicle-to-grid (V2G) operation of EVs, which is shown in Figure 2 [7, 8] . Bidirectional DC/DC converters can be classified into isolated converters and non-isolated converters [9, 10] . Non-isolated converters usually have simple topologies and fewer components, but they face challenges in high-gain voltage conversion and galvanic isolation. On the other hand, isolated converters can achieve wide-range voltage conversion and electric isolation by using high-frequency transformers [5, [11] [12] [13] [14] . Different from two-port bidirectional DC/DC converters, multi-port DC/DC converters are derived to exchange power among multiple DC ports. In [15] , a multi-input non-isolated DC/DC converter is proposed for hybrid energy sources in fuel cell electric vehicles, where three energy sources are connected to a common DC bus through separate buck/boost converters. Figure 3 shows the system configuration in [15] . In [16] , a partially isolated multi-port DC/DC converter is proposed to achieve power conversion among different DC ports in hybrid vehicles. For this configuration, a non-isolated bidirectional half-bridge DC/DC converter is used to exchange power between two energy sources, and an isolated dual half-bridge DC/DC converter is used to exchange power between the energy sources and the traction motor. Only four active switching devices are needed since the two energy sources share one half-bridge leg on primary side of the high-frequency transformer. Similarly, another partially isolated multi-port DC/DC converter is proposed by using separate bidirectional half-bridge DC/DC converters for two energy sources, and high controllability is provided for power conditioning [17] . Bidirectional DC/DC converters can be classified into isolated converters and non-isolated converters [9, 10] . Non-isolated converters usually have simple topologies and fewer components, but they face challenges in high-gain voltage conversion and galvanic isolation. On the other hand, isolated converters can achieve wide-range voltage conversion and electric isolation by using high-frequency transformers [5, [11] [12] [13] [14] . Different from two-port bidirectional DC/DC converters, multi-port DC/DC converters are derived to exchange power among multiple DC ports. In [15] , a multi-input non-isolated DC/DC converter is proposed for hybrid energy sources in fuel cell electric vehicles, where three energy sources are connected to a common DC bus through separate buck/boost converters. Figure 3 shows the system configuration in [15] . In [16] , a partially isolated multi-port DC/DC converter is proposed to achieve power conversion among different DC ports in hybrid vehicles. For this configuration, a non-isolated bidirectional half-bridge DC/DC converter is used to exchange power between two energy sources, and an isolated dual half-bridge DC/DC converter is used to exchange power between the energy sources and the traction motor. Only four active switching devices are needed since the two energy sources share one half-bridge leg on primary side of the high-frequency transformer. Similarly, another partially isolated multi-port DC/DC converter is proposed by using separate bidirectional half-bridge DC/DC converters for two energy sources, and high controllability is provided for power conditioning [17] . Bidirectional DC/DC converters can be classified into isolated converters and non-isolated converters [9, 10] . Non-isolated converters usually have simple topologies and fewer components, but they face challenges in high-gain voltage conversion and galvanic isolation. On the other hand, isolated converters can achieve wide-range voltage conversion and electric isolation by using high-frequency transformers [5, [11] [12] [13] [14] . Different from two-port bidirectional DC/DC converters, multi-port DC/DC converters are derived to exchange power among multiple DC ports. In [15] , a multi-input non-isolated DC/DC converter is proposed for hybrid energy sources in fuel cell electric vehicles, where three energy sources are connected to a common DC bus through separate buck/boost converters. Figure 3 shows the system configuration in [15] . In [16] , a partially isolated multi-port DC/DC converter is proposed to achieve power conversion among different DC ports in hybrid vehicles. For this configuration, a non-isolated bidirectional half-bridge DC/DC converter is used to exchange power between two energy sources, and an isolated dual half-bridge DC/DC converter is used to exchange power between the energy sources and the traction motor. Only four active switching devices are needed since the two energy sources share one half-bridge leg on primary side of the high-frequency transformer. Similarly, another partially isolated multi-port DC/DC converter is proposed by using separate bidirectional half-bridge DC/DC converters for two energy sources, and high controllability is provided for power conditioning [17] . Different from the aforementioned multi-port converters based on two-winding transformers, a three-port isolated (TPI) bidirectional DC/DC converter is proposed for three energy ports by integrating three windings magnetically [18] [19] [20] . As an isolated DC/DC converter, the TPI bidirectional DC/DC converter has the features of high-gain voltage conversion and electric isolation [5] . The zero voltage transition (ZVS) condition can be achieved by the leakage inductances of transformer and parasitic capacitance of switching devices. Due to the reduction of switching losses with ZVS operation, the switching frequency of TPI bidirectional DC/DC converter is increased. Previously, several examples of TPI bidirectional DC/DC converters have been given. In [18] , the shifted-phase angle based control is deduced to control power for the TPI bidirectional DC/DC converter. In [19] , the shifted-phase angle based control is further applied for a triple-half-bridge based TPI bidirectional DC/DC converter, which is used for the hybrid energy source consisting of fuel cells and super-capacitors. In [20] , a decoupled power flow control scheme is proposed to mitigate the coupling effects among different ports of the TPI bidirectional DC/DC converter by linearizing the power at the operating points. In [21] , the TPI bidirectional DC/DC converter is used to connect different batteries to a grid inverter for battery charging in EV. To the best of authors' knowledge, all the previous work on TPI bidirectional DC/DC converters are with fixed switching-frequency, where the peak harmonics are clustered around the switching-frequency and its multiple values in spectrum. These peak switching harmonics may induce conducted electromagnetic interference (EMI) in power converters [22] .
Different from the fixed switching-frequency based control, the aim of this paper is to propose chaotic modulation strategies and the related control schemes for TPI bidirectional DC/DC converters, in such a way that the switching harmonic peaks can be suppressed in spectrum and the conducted EMI is reduced in EVs. By changing the switching frequency chaotically, the distinct switching harmonic peaks with fixed switching-frequency are broken and the power can be spread out within the nearby domain in spectrum. Either the random or chaotic modulation has been studied in various power converters [22] [23] [24] , but those works are mainly focused on one single converter. Due to the existence of three power converters in a TPI bidirectional DC/DC converter, the chaotic modulation strategy should be designed collaboratively for the three energy ports for stable operation. Two chaotic modulation strategies, namely the continuously chaotic modulation and the discretely chaotic modulation are proposed in this paper. They are applied to the shifted-phase angle based control and the phase-shifted PWM control for the TPI bidirectional DC/DC converter. Both simulation and experiments are given to verify the validity of the proposed schemes. Figure 4 shows the topology of a TPI bidirectional DC/DC converter. The three energy sources are connected to a three-port high-frequency transformer with full-bridge DC/DC converters. As shown in Figure 4 , u1, u2 and u3 are converter output voltages of three ports, and i1, i2 and i3 are input currents of three ports. Figure 5a shows the equivalent model for the TPI bidirectional DC/DC converter. L1, L2 and L3 are leakage inductances of three ports, and Lm is the magnetic inductance. Figure 5b shows the simplified Y-type equivalent model without magnetic inductance. 2 ′ and 3 ′ are the equivalent inductance values of L2 and L3, which are observed from port 1. After converting the model from Y-type to Δ-type, Figure 5c is obtained. In Figure 5c , L12 is the equivalent inductance Different from the aforementioned multi-port converters based on two-winding transformers, a three-port isolated (TPI) bidirectional DC/DC converter is proposed for three energy ports by integrating three windings magnetically [18] [19] [20] . As an isolated DC/DC converter, the TPI bidirectional DC/DC converter has the features of high-gain voltage conversion and electric isolation [5] . The zero voltage transition (ZVS) condition can be achieved by the leakage inductances of transformer and parasitic capacitance of switching devices. Due to the reduction of switching losses with ZVS operation, the switching frequency of TPI bidirectional DC/DC converter is increased. Previously, several examples of TPI bidirectional DC/DC converters have been given. In [18] , the shifted-phase angle based control is deduced to control power for the TPI bidirectional DC/DC converter. In [19] , the shifted-phase angle based control is further applied for a triple-half-bridge based TPI bidirectional DC/DC converter, which is used for the hybrid energy source consisting of fuel cells and super-capacitors. In [20] , a decoupled power flow control scheme is proposed to mitigate the coupling effects among different ports of the TPI bidirectional DC/DC converter by linearizing the power at the operating points. In [21] , the TPI bidirectional DC/DC converter is used to connect different batteries to a grid inverter for battery charging in EV. To the best of authors' knowledge, all the previous work on TPI bidirectional DC/DC converters are with fixed switching-frequency, where the peak harmonics are clustered around the switching-frequency and its multiple values in spectrum. These peak switching harmonics may induce conducted electromagnetic interference (EMI) in power converters [22] .
Operation Principle
Different from the fixed switching-frequency based control, the aim of this paper is to propose chaotic modulation strategies and the related control schemes for TPI bidirectional DC/DC converters, in such a way that the switching harmonic peaks can be suppressed in spectrum and the conducted EMI is reduced in EVs. By changing the switching frequency chaotically, the distinct switching harmonic peaks with fixed switching-frequency are broken and the power can be spread out within the nearby domain in spectrum. Either the random or chaotic modulation has been studied in various power converters [22] [23] [24] , but those works are mainly focused on one single converter. Due to the existence of three power converters in a TPI bidirectional DC/DC converter, the chaotic modulation strategy should be designed collaboratively for the three energy ports for stable operation. Two chaotic modulation strategies, namely the continuously chaotic modulation and the discretely chaotic modulation are proposed in this paper. They are applied to the shifted-phase angle based control and the phase-shifted PWM control for the TPI bidirectional DC/DC converter. Both simulation and experiments are given to verify the validity of the proposed schemes. Figure 4 shows the topology of a TPI bidirectional DC/DC converter. The three energy sources are connected to a three-port high-frequency transformer with full-bridge DC/DC converters. As shown in Figure 4 , u 1 , u 2 and u 3 are converter output voltages of three ports, and i 1 , i 2 and i 3 are input currents of three ports. Figure 5a shows the equivalent model for the TPI bidirectional DC/DC converter. L 1 , L 2 and L 3 are leakage inductances of three ports, and L m is the magnetic inductance. Figure 5b shows the simplified Y-type equivalent model without magnetic inductance. L 1 2 and L 1 3 are the equivalent inductance values of L 2 and L 3 , which are observed from port 1. After converting the model from Y-type to ∆-type, Figure 5c is obtained. In Figure 5c , L 12 is the equivalent inductance between port 1 and port 2, L 13 is the equivalent inductance between port 1 and port 3, and L 23 is the equivalent inductance between port 2 and port 3. The values of L 12 , L 13 and L 23 are deduced as shown in Equation (1):
Energies 2016, 9, 83 between port 1 and port 2, L13 is the equivalent inductance between port 1 and port 3, and L23 is the equivalent inductance between port 2 and port 3. The values of L12, L13 and L23 are deduced as shown in Equation (1): Based on the equivalent model in Figure 5c , the mathematical models of active power exchanged among three energy ports can be expressed in the following equations: 
32 12 2 13 12 1 P P P P P P P P P (3) where ω = 2πf and f is the switching frequency. 12 is the shifted-phase angle between port 1 and port 2, 13 is the shifted-phase angle between port 1 and port 3, and 32 is the shifted-phase angle between port 2 and port 3, respectively. P1, P2 and P3 are active power of port 1, port 2 and port3, respectively. From Equations (2) and (3), it can be observed that the exchanged power can be controlled by the shifted-phase angles between different energy ports. Based on the equivalent model in Figure 5c , the mathematical models of active power exchanged among three energy ports can be expressed in the following equations:
where ω = 2πf and f is the switching frequency. φ 12 is the shifted-phase angle between port 1 and port 2, φ 13 is the shifted-phase angle between port 1 and port 3, and φ 32 is the shifted-phase angle between port 2 and port 3, respectively. P 1 , P 2 and P 3 are active power of port 1, port 2 and port 3, respectively. From Equations (2) and (3), it can be observed that the exchanged power can be controlled by the shifted-phase angles between different energy ports. Figure 6 plots the simulated steady-state waveforms of TPI bidirectional DC/DC converter with shifted-phase angle based control. A switching cycle is divided into 18 modes. The detailed working principle of the TPI bidirectional DC/DC converter is similar to the DAB isolated DC/DC converter. The ZVS operation is achieved when the anti-diode is freewheeling before the active switch takes the current [19] . By assuming L12 = L13 = L32 and defining d12 = 2 ′ /V1 and d13 = 3 ′ /V1, the soft-switching operation conditions can be determined by the voltage gains d12 and d13 and shifted-phase angles 12 and 13. As shown in Figure 7 , the grey areas are the region for soft-switching conditions. To extend the soft-switching operation region, the PWM control can be incorporated in the shifted-phase angle control, and the phase-shifted PWM control is obtained [25] . This phase-shifted PWM control scheme can decrease the circulating current and increase the efficiency of the DC/DC converter [26] . Figure 6 plots the simulated steady-state waveforms of TPI bidirectional DC/DC converter with shifted-phase angle based control. A switching cycle is divided into 18 modes. The detailed working principle of the TPI bidirectional DC/DC converter is similar to the DAB isolated DC/DC converter. The ZVS operation is achieved when the anti-diode is freewheeling before the active switch takes the current [19] . By assuming L 12 = L 13 = L 32 and defining d 12 = u 1 2 /V 1 and d 13 = u 1 3 /V 1 , the soft-switching operation conditions can be determined by the voltage gains d 12 and d 13 and shifted-phase angles φ 12 and φ 13 . As shown in Figure 7 , the grey areas are the region for soft-switching conditions. To extend the soft-switching operation region, the PWM control can be incorporated in the shifted-phase angle control, and the phase-shifted PWM control is obtained [25] . This phase-shifted PWM control scheme can decrease the circulating current and increase the efficiency of the DC/DC converter [26] . Figure 6 plots the simulated steady-state waveforms of TPI bidirectional DC/DC converter with shifted-phase angle based control. A switching cycle is divided into 18 modes. The detailed working principle of the TPI bidirectional DC/DC converter is similar to the DAB isolated DC/DC converter. The ZVS operation is achieved when the anti-diode is freewheeling before the active switch takes the current [19] . By assuming L12 = L13 = L32 and defining d12 = 2 ′ /V1 and d13 = 3 ′ /V1, the soft-switching operation conditions can be determined by the voltage gains d12 and d13 and shifted-phase angles 12 and 13. As shown in Figure 7 , the grey areas are the region for soft-switching conditions. To extend the soft-switching operation region, the PWM control can be incorporated in the shifted-phase angle control, and the phase-shifted PWM control is obtained [25] . This phase-shifted PWM control scheme can decrease the circulating current and increase the efficiency of the DC/DC converter [26] . 
Chaotic Modulation
Chaotic modulation strategies have already been utilized to reduce the conducted EMI for power electronic converters and electric drives [22] [23] [24] . Due to the random-like features, chaotic modulation generates irregularly variable switching frequencies, which could be used to destroy the distinct switching harmonics and produce a continuous power spectrum. Chaotic modulation is easy to implement compared to a truly random source in practice. However, the previous studies on chaotic modulation were focused on a single power converter. Different from that, there are three full-bridge converters in the TPI bidirectional DC/DC converter. Therefore, a collaborative chaotic modulation design should be given for the three energy ports.
Generation of Chaotic Series
To chaoize the switching frequency of TPI bidirectional DC/DC converter, the chaotic series should be generated at first. The use of a logistic map is a simple and efficient approach to generate the chaotic sequence { }: As the corresponding Lyapunov exponents are positive, it confirms that it is a chaotic series. Thus, by designing the value of A to be close to 4, the chaotic series { } will be distributed evenly within (0, 1). 
Chaotic Modulation
Generation of Chaotic Series
To chaoize the switching frequency of TPI bidirectional DC/DC converter, the chaotic series should be generated at first. The use of a logistic map is a simple and efficient approach to generate the chaotic sequence {x i }:
where the control parameter A P [0, 4]. Figure 8a depicts the bifurcation diagram of x i versus A of the logistic map. The corresponding Lyapunov exponent versus A is shown in Figure 8b . It can be seen that when A P [0, 1), {x i } exhibits the zero value. When A P [1, 3), {x i } becomes a fixed value with x i > 0. When A is further increased, {x i } begins to bifurcate with multiple values. When A > 3.57, {x i } exhibits infinite values. Besides, the boundary of these infinite values changes with the value of A. As the corresponding Lyapunov exponents are positive, it confirms that it is a chaotic series. Thus, by designing the value of A to be close to 4, the chaotic series {x i } will be distributed evenly within (0, 1). 
Chaotic Modulation
Generation of Chaotic Series
Chaotic-Frequency Switching Pulses
Based on the chaotic series {x i }, two approaches, namely the continuously chaotic modulation and the discretely chaotic modulation are proposed to generate the chaotic pulses. As aforementioned, the shifted-phase angle can be used to regulate the power exchange for TPI bidirectional DC/DC converters. The duty ratio is kept as a constant value of 0.5 to ensure the symmetric operation of full-bridge of each port. Figure 9 shows principle of the continuously chaotic modulation strategy, where a sawtooth carrier wave is compared with a constant value of 0.5. The frequency of the sawtooth carrier wave is chaoized by using the chaotic series {x i } as:
where x n is the chaotic series, f s is the central switching frequency, and ∆f is the changing range of switching frequencies. Since the chaotic series {x i } are distributed evenly within (0, 1), there are infinite values within the pool of (f s -∆f /2, f s + ∆f /2) for switching frequencies. Figure 10 shows the principle of the discretely chaotic modulation strategy. Also, the switching pulses are generated by comparing the chaotic-frequency sawtooth carrier wave with a constant value of 0.5. Different from the continuously chaotic modulation, there are finite candidates for the switching frequencies. As shown in Figure 10 , there are four switching frequency values f s1 , f s2 , f s3 and f s4 , and they are adopted when chaotic series {x i } is located within the domains of 
Based on the chaotic series { }, two approaches, namely the continuously chaotic modulation and the discretely chaotic modulation are proposed to generate the chaotic pulses. As aforementioned, the shifted-phase angle can be used to regulate the power exchange for TPI bidirectional DC/DC converters. The duty ratio is kept as a constant value of 0.5 to ensure the symmetric operation of full-bridge of each port. Figure 9 shows principle of the continuously chaotic modulation strategy, where a sawtooth carrier wave is compared with a constant value of 0.5. The frequency of the sawtooth carrier wave is chaoized by using the chaotic series { } as:
where xn is the chaotic series, fs is the central switching frequency, and Δf is the changing range of switching frequencies. Since the chaotic series { } are distributed evenly within (0, 1), there are infinite values within the pool of (fs -Δf/2, fs + Δf/2) for switching frequencies. Figure 10 shows the principle of the discretely chaotic modulation strategy. Also, the switching pulses are generated by comparing the chaotic-frequency sawtooth carrier wave with a constant value of 0.5. Different from the continuously chaotic modulation, there are finite candidates for the switching frequencies. As shown in Figure 10 , there are four switching frequency values fs1, fs2, fs3 and fs4, and they are adopted when chaotic series { } is located within the domains of 
Chaotic Modulation for TPI Bidirectional DC/DC Converter
Since there are three full-bridge converters in the TPI bidirectional DC/DC converter, the chaotic switching modulation should be applied for the three ports collaboratively. As shown in Figure 11 , if the chaotic modulation is applied for the three ports independently, the desired shifted-phase angles cannot be achieved due to the irregular changes of the switching frequencies. On the other hand, the shifted-phase angles can be maintained when the synchronously chaotic switching frequencies are used, as shown in Figure 12 . Thus, not only the feature of continuous spectrum is provided with chaotic switching frequencies, but also the shifted-phase angle control can be implemented. 
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Chaotic Modulation for TPI Bidirectional DC/DC Converter
Since there are three full-bridge converters in the TPI bidirectional DC/DC converter, the chaotic switching modulation should be applied for the three ports collaboratively. As shown in Figure 11 , if the chaotic modulation is applied for the three ports independently, the desired shifted-phase angles cannot be achieved due to the irregular changes of the switching frequencies. On the other hand, the shifted-phase angles can be maintained when the synchronously chaotic switching frequencies are used, as shown in Figure 12 . Thus, not only the feature of continuous spectrum is provided with chaotic switching frequencies, but also the shifted-phase angle control can be implemented. Figure 13 shows the chaotic modulation based control of TPI bidirectional DC-DC converter. The closed-loop control of DC link voltage Uo in port 2 generates the shifted-phase angle between port 1 and port 2, namely 12. On the other hand, the closed-loop control of the active power in port 1 produces the shifted-phase angle between port 1 and port 3, namely 13.The active power Pi of port 1 could be calculated by multiplying the converter output voltage u1 and the input current i1 on port 1. Then, the switching pulses are generated for three ports with the shifted-phase angles 12 and 13, and the synchronously chaotic modulation is applied for the three ports. As mentioned above, the phase-shifted PWM could be applied for the isolated DC/DC converter to extend the soft-switching operation region and increase the converter efficiency [25, 26] . For the phase-shifted PWM control, the duty ratio D is added to the switching pulse of port 1. Figure 14 plots the flow chart of digital implementation for the haotic modulation based control scheme. The switching periods and control parameters are updated in the PWM interrupt program, which is started by the PWM module on port 1. In the PWM interrupt program, the chaotic switching periods ΔT are generated, and they are initially loaded to the period registers for the three ports. After starting AD conversion, the output voltage on port 2 and the input power on port 1 are sensed, Figure 13 shows the chaotic modulation based control of TPI bidirectional DC-DC converter. The closed-loop control of DC link voltage Uo in port 2 generates the shifted-phase angle between port 1 and port 2, namely 12. On the other hand, the closed-loop control of the active power in port 1 produces the shifted-phase angle between port 1 and port 3, namely 13.The active power Pi of port 1 could be calculated by multiplying the converter output voltage u1 and the input current i1 on port 1. Then, the switching pulses are generated for three ports with the shifted-phase angles 12 and 13, and the synchronously chaotic modulation is applied for the three ports. As mentioned above, the phase-shifted PWM could be applied for the isolated DC/DC converter to extend the soft-switching operation region and increase the converter efficiency [25, 26] . For the phase-shifted PWM control, the duty ratio D is added to the switching pulse of port 1. Figure 14 plots the flow chart of digital implementation for the haotic modulation based control scheme. The switching periods and control parameters are updated in the PWM interrupt program, which is started by the PWM module on port 1. In the PWM interrupt program, the chaotic switching periods ΔT are generated, and they are initially loaded to the period registers for the three ports. After starting AD conversion, the output voltage on port 2 and the input power on port 1 are sensed, Figure 13 shows the chaotic modulation based control of TPI bidirectional DC-DC converter. The closed-loop control of DC link voltage U o in port 2 generates the shifted-phase angle between port 1 and port 2, namely φ 12 . On the other hand, the closed-loop control of the active power in port 1 produces the shifted-phase angle between port 1 and port 3, namely φ 13 .The active power P i of port 1 could be calculated by multiplying the converter output voltage u 1 and the input current i 1 on port 1. Then, the switching pulses are generated for three ports with the shifted-phase angles φ 12 and φ 13 , and the synchronously chaotic modulation is applied for the three ports. As mentioned above, the phase-shifted PWM could be applied for the isolated DC/DC converter to extend the soft-switching operation region and increase the converter efficiency [25, 26] . For the phase-shifted PWM control, the duty ratio D is added to the switching pulse of port 1. Figure 13 shows the chaotic modulation based control of TPI bidirectional DC-DC converter. The closed-loop control of DC link voltage Uo in port 2 generates the shifted-phase angle between port 1 and port 2, namely 12. On the other hand, the closed-loop control of the active power in port 1 produces the shifted-phase angle between port 1 and port 3, namely 13.The active power Pi of port 1 could be calculated by multiplying the converter output voltage u1 and the input current i1 on port 1. Then, the switching pulses are generated for three ports with the shifted-phase angles 12 and 13, and the synchronously chaotic modulation is applied for the three ports. As mentioned above, the phase-shifted PWM could be applied for the isolated DC/DC converter to extend the soft-switching operation region and increase the converter efficiency [25, 26] . For the phase-shifted PWM control, the duty ratio D is added to the switching pulse of port 1. Figure 14 plots the flow chart of digital implementation for the haotic modulation based control scheme. The switching periods and control parameters are updated in the PWM interrupt program, which is started by the PWM module on port 1. In the PWM interrupt program, the chaotic switching periods ΔT are generated, and they are initially loaded to the period registers for the three ports. After starting AD conversion, the output voltage on port 2 and the input power on port 1 are sensed, Figure 14 plots the flow chart of digital implementation for the haotic modulation based control scheme. The switching periods and control parameters are updated in the PWM interrupt program, which is started by the PWM module on port 1. In the PWM interrupt program, the chaotic switching periods ∆T are generated, and they are initially loaded to the period registers for the three ports. After starting AD conversion, the output voltage on port 2 and the input power on port 1 are sensed, which are input to closed-loop controllers to produce the shifted-phase angles φ 12 and φ 13 , respectively. Together with the duty ratio D, the values of φ 12 and φ 13 are loaded to the phase registers of PWM module 2 and PWM module 3, in such a way that the corresponding switching pulses are generated.
Control Scheme Based on Chaotic Modulation

Energies 2016, 9, 83 9 which are input to closed-loop controllers to produce the shifted-phase angles 12 and 13, respectively. Together with the duty ratio D, the values of 12 and 13 are loaded to the phase registers of PWM module 2 and PWM module 3, in such a way that the corresponding switching pulses are generated. The proportional-integral (PI) controllers are used for the closed-loop control to generate the shifted phase angles among three ports. Their digital expressions are given as:
where kp1 and ki1 are the proportional and integral coefficients of controller for port 2, and kp2 and ki2 are the proportional and integral coefficients of controller for port 3. ΔT is the switching period, which varies chaotically. To guarantee good DC output performance of the TPI bidirectional DC/DC converter, the integral coefficients should be updated according to the changing switching periods.
Simulation and Experimental Verification
Both simulation and experiments are given to verify the performance of the proposed modulation strategies and control scheme. Firstly, the simulation on a 10-kW TPI bidirectional DC/DC converter is given. The simulation parameters are listed in Table 1 . Figure 15 shows the simulated waveforms of TPI bidirectional DC/DC converter using shifted-angle based control with fixed switching frequency. Figure 15a shows the waveforms of converter voltage u1 and current i1 of The proportional-integral (PI) controllers are used for the closed-loop control to generate the shifted phase angles among three ports. Their digital expressions are given as:
where k p1 and k i1 are the proportional and integral coefficients of controller for port 2, and k p2 and k i2 are the proportional and integral coefficients of controller for port 3. ∆T is the switching period, which varies chaotically. To guarantee good DC output performance of the TPI bidirectional DC/DC converter, the integral coefficients should be updated according to the changing switching periods.
Both simulation and experiments are given to verify the performance of the proposed modulation strategies and control scheme. Firstly, the simulation on a 10-kW TPI bidirectional DC/DC converter is given. The simulation parameters are listed in Table 1 . Figure 15 shows the simulated waveforms of TPI bidirectional DC/DC converter using shifted-angle based control with fixed switching frequency. Figure 15a shows the waveforms of converter voltage u 1 and current i 1 of port 1, and the output voltage U o of port 2. Figure 15b shows the waveforms of converter voltages u 1 , u 2 and u 3 in three ports. The switching period is kept constant at a value T, which is equal to 50 µs. Figure 15b shows the waveforms of converter voltages u1, u2 and u3 in three ports. The switching period is kept constant at a value T, which is equal to 50 μs. Figure 16 plots the simulated waveforms with shifted-angle based control using continuously chaotic modulation. The expected central switching frequency fs is set as 20 kHz and the chaotic bandwidth Δf is 2 kHz. There are infinite values for switching frequencies between 18 kHz and 20 kHz. Figure 17 shows the simulated waveforms using discretely chaotic modulation, where four different switching frequencies (18 kHz, 19 .3 kHz, 20.6 kHz and 22 kHz) are used alternatively. It is observed that the switching periods are changed irregularly in Figures 16 and 17 . Although the switching periods vary chaotically, the output DC link voltage Uo of port 2 is kept stable with the shifted-phase angle control and chaotic modulation. Actually, no distinct difference can be observed in the output DC link voltage Uo between the fixed frequency modulation and the chaotic modulation strategies. It verifies that chaotic modulation only affects the high-frequency characteristics and does not deteriorate the low-frequency operating performance of the TPI bidirectional DC/DC converter. Figure 17 shows the simulated waveforms using discretely chaotic modulation, where four different switching frequencies (18 kHz, 19 .3 kHz, 20.6 kHz and 22 kHz) are used alternatively. It is observed that the switching periods are changed irregularly in Figures 16 and 17 . Although the switching periods vary chaotically, the output DC link voltage U o of port 2 is kept stable with the shifted-phase angle control and chaotic modulation. Actually, no distinct difference can be observed in the output DC link voltage U o between the fixed frequency modulation and the chaotic modulation strategies. It verifies that chaotic modulation only affects the high-frequency characteristics and does not deteriorate the low-frequency operating performance of the TPI bidirectional DC/DC converter. Figures 18-20 show the simulated waveforms of the phase-shifted PWM controlled TPI bidirectional DC/DC converter using fixed switching frequency, continuously chaotic modulation and discretely chaotic modulation, respectively. The value of duty ratio for converter in port 1 is 0.75. It is observed that both the continuously chaotic modulation and the discretely chaotic modulation produce chaotic waveforms while keeping Uo stable. Figures 18-20 show the simulated waveforms of the phase-shifted PWM controlled TPI bidirectional DC/DC converter using fixed switching frequency, continuously chaotic modulation and discretely chaotic modulation, respectively. The value of duty ratio for converter in port 1 is 0.75. It is observed that both the continuously chaotic modulation and the discretely chaotic modulation produce chaotic waveforms while keeping Uo stable. Figures 18-20 show the simulated waveforms of the phase-shifted PWM controlled TPI bidirectional DC/DC converter using fixed switching frequency, continuously chaotic modulation and discretely chaotic modulation, respectively. The value of duty ratio for converter in port 1 is 0.75. It is observed that both the continuously chaotic modulation and the discretely chaotic modulation produce chaotic waveforms while keeping U o stable. Then, the experiments are carried out on a small-power laboratory prototype to verify the performance of the proposed modulation strategies and control scheme for TPI bidirectional DC/DC converter. The experimental parameters are listed in Table 2 . It should be noted that the rated voltage and power of the prototype are lower compared to those in practical energy conversion systems of EVs and HEVs, but the purpose of the experiments is to verify the validity of the proposed modulation and control for TPI bidirectional DC/DC converter. Therefore, the low-power prototype could still be used. Power MOSFETs (IPW65R019C7) and the driver chip HCPL3120 are adopted for the power switches in the experiments. The DSP TI-TMS320F28335 is used as the digital controller to implement the control algorithm and generate the switching pulses. The voltage sensors (LEM LV25-P, LEM, Beijing, China) and the current sensors (LEM LA25-NP, LEM, Beijing, China) are used to measure the voltages and currents. The three-port high-frequency transformer is made by choosing proper magnetic cores and copper wires. Figures 21-23 show the measured waveforms of TPI bidirectional DC/DC converter with shifted-phase angle control in experiments. The switching period is kept constant as T with fixed switching-frequency in Figure 21 . Different from that, the switching periods change chaotically using Then, the experiments are carried out on a small-power laboratory prototype to verify the performance of the proposed modulation strategies and control scheme for TPI bidirectional DC/DC converter. The experimental parameters are listed in Table 2 . It should be noted that the rated voltage and power of the prototype are lower compared to those in practical energy conversion systems of EVs and HEVs, but the purpose of the experiments is to verify the validity of the proposed modulation and control for TPI bidirectional DC/DC converter. Therefore, the low-power prototype could still be used. Power MOSFETs (IPW65R019C7) and the driver chip HCPL3120 are adopted for the power switches in the experiments. The DSP TI-TMS320F28335 is used as the digital controller to implement the control algorithm and generate the switching pulses. The voltage sensors (LEM LV25-P, LEM, Beijing, China) and the current sensors (LEM LA25-NP, LEM, Beijing, China) are used to measure the voltages and currents. The three-port high-frequency transformer is made by choosing proper magnetic cores and copper wires. Figures 21-23 show the measured waveforms of TPI bidirectional DC/DC converter with shifted-phase angle control in experiments. The switching period is kept constant as T with fixed switching-frequency in Figure 21 . Different from that, the switching periods change chaotically using continuously chaotic modulation in Figure 22 and using discretely chaotic modulation in Figure 23 , respectively. Although the high-frequency behaviors are irregular using chaotic modulation, the output voltage of U o in port 2 is kept stable in Figures 22 and 23 . To show the improved spectrum performance, Figure 24 plots the power spectrum of the DC link current of port 1 using different modulation strategies. It is observed clearly that distinct peaky harmonics exist around 4 kHz and its multiple frequencies using fixed switching-frequency in Figure 24a . Differently, the peaky switching harmonics are reduced for around 10 dB in spectrum by using continuously chaotic modulation in Figure 24b and using discretely chaotic modulation in Figure 24c . The reason lies in that the power of switching harmonics is spread out within the nearby frequency domain in spectrum.
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Time(25μs/div) 
Time(25μs/div) (a) (b) Figure 22 . Measured waveforms of shifted-phase angle control using continuously chaotic modulation: (a) converter voltage, current of port 1 and output voltage of port 2; (b) converter voltages of port 1, 2 and 3.
Time(25μs/div) (a) (b) The experimental verification is also given for the TPI bidirectional DC/DC converter with phase-shifted PWM control. The measured waveforms using fixed switching-frequency, continuously chaotic modulation and discretely chaotic modulation are shown in Figures 25-27 , respectively. The chaotic modulation schemes can keep the output voltage Uo stable in port 2 although they exhibit chaotic behaviors in high-frequency domain. The experimental verification is also given for the TPI bidirectional DC/DC converter with phase-shifted PWM control. The measured waveforms using fixed switching-frequency, continuously chaotic modulation and discretely chaotic modulation are shown in Figures 25-27 respectively. The chaotic modulation schemes can keep the output voltage U o stable in port 2 although they exhibit chaotic behaviors in high-frequency domain. The experimental verification is also given for the TPI bidirectional DC/DC converter with phase-shifted PWM control. The measured waveforms using fixed switching-frequency, continuously chaotic modulation and discretely chaotic modulation are shown in Figures 25-27 , respectively. The chaotic modulation schemes can keep the output voltage Uo stable in port 2 although they exhibit chaotic behaviors in high-frequency domain. 
Time(25μs/div) (a) (b) Figure 26 . Measured waveforms of phase-shifted PWM control using continuously chaotic modulation: (a) converter voltage, current of port 1 and output voltage of port 2; (b) converter voltages of port 1, 2 and 3. The spectrum comparison of DC link current in port 1 is presented among different switching strategies for the phase-shifted PWM control in Figure 28 . In Figure 28a , the distinct switching harmonics are observed in the spectrum using fixed switching-frequency. Those harmonic peaks may introduce the conducted EMI in EVs and HEVs. By using chaotic modulation, the switching harmonics are reduced for around 10 dB in Figure 28b ,c. It verifies that the conducted EMI issue can be mitigated effectively by using chaotic modulation strategies. As mentioned in Section 3, the simple Logisitc map is used to generate the iterative series for chaoizing the switching frequency. Therefore, no additional hardware is needed for the proposed chaotic modulation, and the system cost is the same as that with fixed switching-frequency. 
Time(25μs/div) (a) (b) Figure 26 . Measured waveforms of phase-shifted PWM control using continuously chaotic modulation: (a) converter voltage, current of port 1 and output voltage of port 2; (b) converter voltages of port 1, 2 and 3. The spectrum comparison of DC link current in port 1 is presented among different switching strategies for the phase-shifted PWM control in Figure 28 . In Figure 28a , the distinct switching harmonics are observed in the spectrum using fixed switching-frequency. Those harmonic peaks may introduce the conducted EMI in EVs and HEVs. By using chaotic modulation, the switching harmonics are reduced for around 10 dB in Figure 28b ,c. It verifies that the conducted EMI issue can be mitigated effectively by using chaotic modulation strategies. As mentioned in Section 3, the simple Logisitc map is used to generate the iterative series for chaoizing the switching frequency. Therefore, no additional hardware is needed for the proposed chaotic modulation, and the system cost is the same as that with fixed switching-frequency. The spectrum comparison of DC link current in port 1 is presented among different switching strategies for the phase-shifted PWM control in Figure 28 . In Figure 28a , the distinct switching harmonics are observed in the spectrum using fixed switching-frequency. Those harmonic peaks may introduce the conducted EMI in EVs and HEVs. By using chaotic modulation, the switching harmonics are reduced for around 10 dB in Figure 28b ,c. It verifies that the conducted EMI issue can be mitigated effectively by using chaotic modulation strategies. As mentioned in Section 3, the simple Logisitc map is used to generate the iterative series for chaoizing the switching frequency. Therefore, no additional hardware is needed for the proposed chaotic modulation, and the system cost is the same as that with fixed switching-frequency. The spectrum comparison of DC link current in port 1 is presented among different switching strategies for the phase-shifted PWM control in Figure 28 . In Figure 28a , the distinct switching harmonics are observed in the spectrum using fixed switching-frequency. Those harmonic peaks may introduce the conducted EMI in EVs and HEVs. By using chaotic modulation, the switching harmonics are reduced for around 10 dB in Figure 28b ,c. It verifies that the conducted EMI issue can be mitigated effectively by using chaotic modulation strategies. As mentioned in Section 3, the simple Logisitc map is used to generate the iterative series for chaoizing the switching frequency. Therefore, no additional hardware is needed for the proposed chaotic modulation, and the system cost is the same as that with fixed switching-frequency. 
Conclusions
In this paper, the chaotic modulation strategies and the related control schemes are presented for TPI bidirectional DC/DC converters, which could be used in electric and hybrid vehicles. Two chaotic modulation strategies, namely the continuously chaotic modulation and the discretely chaotic modulation are proposed. With conventional fixed-frequency modulation, distinct harmonic peaks exist around the switching frequency and its multiple values in the spectrum, which may induce conducted EMI in electric and hybrid vehicles. Different from that, the switching frequencies of the proposed chaotic modulation strategies are changed irregularly for TPI bidirectional DC/DC converters. The power clustered around the switching frequency and its multiple values are thus spread out within the nearby frequency domain, and the switching harmonic peaks are suppressed. Our experiments on a small-power laboratory prototype verify that the proposed chaotic modulation strategies can reduce the switching harmonic peaks for around 10 dB in spectrum. Therefore, the conducted EMI induced by the high-frequency switching harmonics is mitigated effectively. The average switching frequency is as high as 20 kHz, and the chaotic change of switching frequency will not deteriorate the DC output performance of TPI bidirectional DC/DC converter.
On the other hand, the proposed chaotic modulation strategies for TPI bidirectional DC/DC converters have the same hardware compared to the conventional fixed-frequency modulation. The chaotic modulation algorithms can be implemented easily with the digital controller. The one-dimensional logistic map is used to generate the chaotic series, which in turn generates the irregular switching frequencies for TPI bidirectional DC/DC converters. Therefore, the proposed strategies can provide better spectrum performance for TPI bidirectional DC/DC converters without increasing the system cost. Measured power spectrum density of phase-shifted PWM control: (a) fixed switching-frequency; (b) continuously chaotic modulation; (c) discretely chaotic modulation.
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